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(54) Optical fibre with longitudinal holes and manufacturing method thereof 



(57) Provided is an optical fiber having holes ex- 
tending along the axis whose transmission loss is sub- 
stantially reduced and the manufacturing method there- 
of. First, a plurality of through-holes 9 are formed in a 
prefonn 5 extending along the prefomn axis. Subse- 
quently, the prefonn 5 is heated by heating means 24 in 
the furnace preferably for 30 minutes or more at a tem- 



perature equal to or more than 800 **C while flowing a 
dry gas in the through-holes 9. As a result, the OH group 
which exists on the surfaces of the inner walls 5a of the 
through-holes 9 of the prefonn 5 is discharged outside 
the prefonn. Subsequently, the preform 5 is drawn into 
an optical fiber. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to an optical fiber 
having holes that extend along its axis and the manu- 
facturing method thereof. 

Description of the Background Art 

[0002] As for an optical fiber having holes that extend 
along the axis, there is a so-called holey fiber (which is 
also called "microstructured optical fiber" or "photonic 
crystal fiber"). The holey fiber is an optical fiber that is 
composed of a main medium such as silica glass and a 
complementary medium such as gas. A chromatic dis- 
persion of a large absolute value and a small mode field 
diameter can be achieved by increasing the effective re- 
fractive index differences between the core and the 
cladding using the large refractive index difference be- 
tween the main medium and the complementary medi- 
um. A large absolute value of chromatic dispersion is 
preferable for dispersion compensation, and a small 
mode field diameter Is suitable for the use of nonlinear 
optical effects. It is expected that a holey fiber be applied 
to an optical communication system. There is a descrip- 
tion of a holey fiber in D. J. Richardson, et al.: Proc. 
ECOC 2000, vol, 4, pp 37-40, (Sep. 2000). 
[0003] Also, a manufacturing method of holey fiber is 
disclosed in U.S. patent 5,802,236. According to this 
patent, a plurality of silica capillary tubes are sealed on 
one end, and bundled into a close-packed arrangement, 
wherein the center capillary tube is replaced by a silica 
rod. Next, a silica tube Is placed over the bundled silica 
capillary tubes, and collapsed onto the bundle. The re- 
sulting preform is fed Into the hot region of a drawing 
furnace so that the un-sealed ends of the capillary tubes 
are heated and are drawn into a fiber. 
[0004] However, the transmission loss of such a con- 
ventional holey fiber is high. For example, the transmis- 
sion loss at 1550 nm wavelength is 0.24 dB/m in P. J. 
Bennett, et al.: Opt. Lett, vol.24, pp.1 203-1 205, (1999). 
It is very high compared with 0.2 - 0.3 dB/km, which is 
a typical value of the transmission loss of an optical fiber 
that is practically used In an optical communication sys- 
tem. 

SUMMARY OF THE INVENTION 

[0005] It is an object of the present invention to pro- 
vide an optical fiber having one or more holes extending 
along its axis and a method of making such fiber that 
has lower transmission loss. Another object of the 
present Invention is to provide an optical transmission 
system using such fiber. 

[0006] In order to achieve these objects, a method of 



manufacturing an optical fiber is provided, which com- 
prises a first process for fonning a prefomri having at 
least one hole extending along Its axis, a second proc- 
ess for heating the preform so as to dry the inner surface 
5 of its hole, and a third process for drawing the prefonn 
into an optical fiber. 

[0007] In one embodiment, the hole may be a 
through-hole and the second process may be perfomned 
while flowing a dry gas through the through-hole. The 

10 hole may have a closed end and the second process 
may be performed while filling the holes having a closed 
end with a dry gas. In this case, the process of supplying 
the dry gas Into the holes having a closed end and the 
process of discharging the gas from Inside the hole may 

'5 be alternately repeated. As for the holes having a closed 
end, the second process may be perfonned while the 
inside of the holes is subjected to reduced pressure for 
evacuation. 

[0008] (n the first process, a prefonn having holes 
20 may be formed from a columnar glass rod using a per- 
foration tool, or It may be fonried by assembling a plu- 
rality of silica capillary tubes and inserting the bundled 
tubes into a jacketing pipe. 

[0009] In the second process, the preform may be 
25 heated to a temperature equal to or more than 800 °C. 
The dry gas may have a dew point of -50 "C or less. The 
gas may contain one or more Inert gases such as Ng, 
He, or Ar by molar fraction equal to or more than 85 %. 
The gas may include at least one of active gases having 
30 dehydration effect, such as HF, Fg. Gig. or GO. 

[0010] In the third process, the pressure In the holes 
may be adjusted. These implementation modes of the 
firstthrough third processes can be prefomned in various 
combinations. 

3s [001 1] An optional aspect of the present Invention is 
a process for smoothing the Inner wall surface of the 
hole prior to the second process or a process for dry- 
etching the inner wall surface of the hole prior to the sec- 
ond process. 

40 [0012] Another aspect of the present invention is to 
provide an optical fiber having a core and a cladding 
which surrounds the core, and either or both of the core 
and the cladding are provided with one or more holes 
extending along the axis. The optical fiber allows light 
to propagate In an axial direction by confining the light 
in the core by total reflection or Bragg reflection at a 
transmission loss of 200 dB/km or less at 1380 nm 
wavelength. The transmission loss may be 30 dB/km or 
less. 

50 [001 3] Also provided is an optical fiber having a core 
and a cladding, which surrounds the core, and either or 
both of the core and the cladding are provided with at 
least one hole extending along the axis. The optical fiber 
allows light to propagate in an axial direction by confin- 
es Ing the light in the core by the total reflection or Bragg 
reflection at a transmission loss of 10 dB/km or less at 
1550 nm wavelength. The transmission loss may be 3 
dB/km or less, or 1 dB/km or less. 
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[0014] An optical communication system according to 
the present invention includes one or more of the above- 
mentioned optical fibers. The above-mentioned optical 
fibers can be Included as an optical transmission line or 
a dispersion compensating unit or as a part of an optical s 
amplifier such that the characteristics of an optical com- 
munication system are improved in tenns of the trans- 
mission distance and the transmission capacity. 
[0015] The present invention Is further explained be- 
low by referring to the accompanying drav/ings. The io 
drawings are provided solely for the purpose of illustra- 
tion and are not intended to limit the scope of the inven- 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS is 
[0016] 

Figure 1 1s a cross-sectional view showing one em- 
bodiment of an optical fiber according to the present 20 
Invention. 

Figure 2 is a perspective view showing an example 
of the method of making a preform having holes. 
Figure 3 is a cross-sectional view showing another 
prefonn. 25 
Figure 4 is a cross-sectional view showing another 
prefonn. 

Figure 5 Is a cross-sectional view showing another 
preform. 

Figure 6 is a perspective view showing another ex- so 
ample of the method of making a preform having 
holes. 

Figure 7 is a schematic diagram showing a method 
of removing the OH group that exists on the wall 
surface of a prefonn, 35 
Figure 8 is a schematic diagram showing another 
method of removing the OH group that exists on the 
wall surface of a prefonn. 
Figure 9 is a graph showing an example of the trans- 
mission loss of an optical fiber having holes. 40 
Figure 10 is a graph showing another example of 
the transmission loss of an optical fiber having 
holes. 

Figure 11 is a schematic diagram showing an ex- 
ample of an optical communication system 45 
equipped with a dispersion-compensating unit in- 
cluding the optical fiber shown in Fig. 1 . 
Figure 12 is a schematic diagram showing an ex- 
ample of an optical communication system 
equipped with an optical transmission line including so 
the optical fiber shown in Fig. 1 . 
Figure 1 3 is a schematic diagram showing an ex- 
ample of an optical communication system 
equipped with another type of optical transmission 
line including the optical fiber shown in Fig. 1 . 55 



DETAILED DESCRIPTION OF THE INVENTION 

[0017] Embodiments of the present invention are ex- 
plained below by referring to the accompanying draw- 
ings. In the drawings, the same number refers to the 
same or similar to avoid duplicated explanation. The ra- 
tios of the dimensions in the drawings do not necessarily 
coincide with the explanation. 

[0018] The absorption loss due to the Impurities that 
exist on the inner wall surface of the holes extending 
along the axis of an optical fiber contributes significantly 
to the transmission loss of the optical fiber. At the wave- 
length of 1 400 nm - 1 600 nm which is used for an optical 
communication system, the absorption by the OH group 
contributes to the transmission loss most significantly 
Therefore, it Is important to reduce the concentration of 
the OH group that exists on the inner wall surface of the 
holes of a fiber in order to apply the fiber to an optical 
communication system. The present Invention was ac- 
complished based on such recognition. 
[0019] Figure 1 is a sectional view showing one em- 
bodiment of an optical fiber according to the present in- 
vention. In Fig. 1 , the optical fiber 1 is composed of a 
core 2, which consists of silica glass to which GeOg is 
added, and a cladding 3, which consists of pure silica 
glass and surrounds the core 2. A plurality of holes 4 
are fonned around the core 2 in the cladding 3, extend- 
ing along the fiber axis. In an optical fiber such as the 
fiber 1 , light with a given wavelength is confined in the 
core 2 by total reflection so as to be transmitted there- 
through. 

[0020] The core 2 may be formed of pure silica glass 
and the cladding 3 may be fomfied of silica glass which 
is doped with F. Either the core 2 or the cladding 3 or 
both may be doped with a dopant such as Ti02, B2O3, 
or P2O5 so that the refractive index of the core 2 is larger 
than that of the cladding 3. 

[0021] In the following, the method of manufacturing 
the above-mentioned optical fiber 1 is described. First, 
a prefonn of the optical fiber 1 is formed. Figure 2 shows 
an example of the method of making the preform. 
[0022] As shown In Fig. 2, a solid columnar preform 
5 is prepared first. This prefonn 5 comprises a core re- 
gion 6 consisting of silica glass which is doped with 
GeOg and a cladding region 7 consisting of pure silica 
glass and surrounding the core region 6. Ge02 is added 
to the core region 6 so that the relative refractive index 
difference between the core region 6 and the cladding 
region 7 becomes a desired value {e.g., 0.3 %). A solid 
preform such as the prefonn 5 can be formed by a meth- 
od such as the VAD method, the MCVD method, or the 
OVD method. 

[0023] Then, a plurality of through-holes 9 extending 
along the prefomi axis are formed around the core re- 
gion 6 in the cladding region 7 of the prefonn 5 by drilling 
with a perforation tool 8 having an edge which has dia- 
mond grains on its surface. The through-holes 9 be- 
come the holes 4 of the optical fiber 1 by drawing as 
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described later. For example, the diameter of the 
through-holes 9 Is 3 mm, and the length of the through- 
holes 9 (the height of prefonn 5) is 300 mm. Thus, the 
preform having the through-holes 9 can easily be man- 
ufactured at high yield. The prefonn does not have any 
cavity except for the holes formed by the perforation tool 
8. Therefore, there Is no need to remove impurities that 
may otherwise exist in such cavity. Consequently, it is 
possible to shorten the time needed for removal of the 
OH group In the second process, and the manufacturing 
cost can be reduced. Also, the contraction of the holes 
can be easily suppressed during the drawing process 
by adjusting the pressure in the hoies of the prefonn. 
[0024] The through-hoies 9 can also be fomried by sof- 
tening the prefonn 5 and thrusting a perforation tooi 
made of a substance whose melting point is higher than 
the softening temperature of silica into the prefonn, in- 
stead of forming the through-holes 9 using the perfora- 
tion tool 8 having an edge which has diamond grains on 
its surface. 

[0025] It is possible to form the core region 6 and the 
cladding region 7 of the above-mentioned preform 5 
from the silica glass to which the dopants such as GeOg, 
F, TiOg, B2O3 or PgOg are added. The refractive index 
can be changed in the prefonn 5 by altering the amount 
of dopants in the preform 5. In this case, it is possible 
to obtain an optical fiber that has a desired chromatic 
dispersion and mode field diameter. Also, the position 
of the through-hoies 9 and the material refractive index 
profile of the prefonn 5 are selected such that light with 
a given wavelength is confined so as to be guided 
through the core 2 of the optical fiber 1 by total reflection 
or Bragg reflection. 

[0026] Also, the through-holes that become the holes 
of an optical fiber can be arranged as shown in Figs. 3 
through 5. 

[0027] In the composition shown in Fig. 3, a plurality 
of through-holes 9A are arranged in the prefonn 5A that 
consists of silica glass, and consequently, a cladding re- 
gion 7A surrounds the core region 6A where the filling 
fraction of the hoies is smaller than that in the cladding. 
An optical f iberthat is produced from the prefonn 5A can 
let light travel in the axial direction of the fiber by confin- 
ing the light in the core by total reflection. It is possible 
to achieve equivaientiy a large refractive index differ- 
ence between the core and hence the cladding, and to 
attain a chromatic dispersion having a large absolute 
magnitude and a small mode field diameter. The former 
is preferable for application to dispersion compensation 
and the latter Is preferable for the use of nonlinear opti- 
cal effects. 

[0028] In the composition shown in Fig. 4, a plurality 
of through-holes 98 are arranged In a preform 58 which 
consists of silica glass, and consequentfy, a core region 
which includes a through-hole 68 is surrounded by a 
cladding region 78 which has a regular profile of refrac- 
tive index in the direction of the diameter 
[0029] Also, as shown in Fig. 5. a plurality of through- 
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holes 9C can be arranged in a prefonn 5C which con- 
sists of silica glass so that a core region which Includes 
a through-hole 6C is sun^ounded by a cladding region 
which has a regular profile of refractive index in the sec- 
5 tlon. When an optical fiber is fonned with the composi- 
tion shown in Fig. 4 and Fig. 5, it is possible to guide 
light in the axial direction of the fiber by confining the 
light in the core by Bragg reflection. Also, with a core 
including a hole, it is possible to enhance the fraction of 
10 the propagating power that exists in the hole, for exam- 
ple, equal to or more than 50 % of in the total propagat- 
ing optical power. As a result, low transmission loss and 
low noniinearity can be achieved. 
[0030] After fonning the through-holes 9 in the pre- 
is fomn 5, it is preferable to smooth the surfaces of the inner 
walls 5a of the through-holes 9 (see Fig. 7). The smooth- 
ing of the surfaces of the inner walls 5a can be done by 
scraping the surfaces of the inner walls 5a directly with 
a file, or by filling diamond powder and a suitable solvent 
in the through-holes 9 and applying an ultrasonic wave 
thereto. As a result of such smoothing, the surface area 
of the surfaces of the inner walls 5a of the preform 5 is 
reduced, and accordingly this decreases the quantity of 
the OH group that exists on the inner wall surfaces 5a. 
Consequently the time needed to remove the OH group 
in the second process is shortened and the manufactur- 
ing cost can be reduced. 

[0031] Also, after forming the through-holes 9 in the 
preform 5, preferably a wet etching by HF solution and 
a dry etching with SFg or the like are perfonned. The dry 
etching by SFg can be performed, for example, by Intro- 
ducing SFq into the through-holes 9 of the preform 5 
which Is heated to 1 000 °C or more. The HF etching can 
remove contaminants that adhere to the surfaces of the 
Inner walls 5a of the prefonn 5 at the time of drilling. 
Also, the SFg etching smoothes the surfaces of the inner 
walls 5a, and removes a layer that includes the OH 
group on the surfaces oftheinnerwalls5a of the prefonn 
5. This further decreases the quantity of the OH group 
which exists on the surfaces of the inner walls 5a, and 
thereby shortens the time needed to remove the OH 
group in the second process, which results In the further 
reduction of manufacturing cost. 
[0032] Another method for mailing a preform is shown 
in Fig. 6. In Fig. 6, first, a rod 1 0 made of silica glass and 
plurality of capillaries 1 1 made of silica glass are assem- 
bled to fonn a bundle 12. The rod 10, which fomris the 
core of an optica! fiber, has approximately the same di- 
ameter as the diameter of a capillary 1 1 . It is possible to 
provide different rods having a diameter less than half 
of the diameter of a capillary 11 , as spacers to fill the 
spaces among capillaries 1 1 or among the glass rod 1 0 
and capillaries 11 . Then, a prefonn 14 is fonned by in- 
serting the bundle 12 into a jacketing pipe 13 made of 
silica glass having an inner diameter slightly larger than 
the diameter of the bundle 1 2. In such structure, the hoi- 
low region of a capillary 11 constitutes a through-hole 
15 of prefonn 14. Typically, the diameter of the rod 10 
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and the capillary 11 is about 1 mm, and the ratio of the 
inner diameter to the outer diameter of the capillary 1 1 
is 0.4 or 0.8, for example. As for a jacketing pipe 13, the 
outer diameter Is about 20 mm and the inner diameter 
Is about 18 mm. 

[0033] In the method of fonnlng a prefomn by assem- 
bling a plurality of capillaries, it is possible to fomi small- 
diameter holes in an optical fiber because a preform 
which includes small-diameter through-holes can be 
produced easily. Thus, by reducing the diameter of the 
holes of an optical fiber it is possible to achieve a small 
effective refractive index even at a comparatively short 
wavelength. This method is therefore advantageous for 
producing an optical fiber suitable for transmitting light 
with a short wavelength. 

[0034] After forming a preform having a plurality of 
through-holes as described above, a process is per- 
formed for removing the OH group that exists on the In- 
ner wall surfaces of through-holes in the prefonn. A set- 
up for implementing the process of removing the OH 
group is shown in Fig. 7. 

[0035] As shown in Fig. 7, the prefonn 5 which has 
through-holes 9 is set in the furnace of a drawing tower. 
Each end of the prefonn 5 is connected to an end of a 
glass pipe 21 a or 21 b, and the other end of each of the 
glass pipes 21a and 21b is fixed to a covering 22a or 
22b. Consequently, in such structure, it is possible to 
prevent contaminants from entering into the through- 
holes 9 of the preform 5. The length of the glass pipes 
21 a and 21 b is adjusted according to the coordination 
of the drawing tower. The glass pipe 21a is connected 
to a supply pipe 23a which supplies a dry gas into the 
through-holes 9 of the preform 5. Also, the glass pipe 
21 b is connected to an exhaust pipe 23b for discharging 
a dry gas to the outside of the prefonn 5. 
[0036] The tenn "dry gas" as used herein means a 
substantially dry gas which includes a slight amount of 
moisture, as well as a completely dry gas. The glass 
pipes 21 a and 21 b are provided so that the effective por- 
tion of the prefonn 5, that Is, the part which becomes an 
optical fiber after drawing, is connected to the supply 
pipe 23a, the exhaust pipe 23b, and a holding means 
(not illustrated). 

[0037] In the above-described structure, a dry gas is 
flowed, for example, at a flow rate of about 5 liters per 
minute through the through-holes 9 of the prefonn 5, 
from one end to the other end of the prefomn 5, while 
the prefonn 5 is heated by a heating means 24 in the 
furnace. Preferably, the preform 5 is heated for 30 min- 
utes or more at equal to or more than 800 '*C, and more 
preferably for one hour or more at equal to or more than 
1200 °C. In the case in which the heating means 24 are 
smaller than the length of the prefonn effective portion 
of the preform 5, the preform 5 may be moved up and 
down timely so that the whole preform effective portion 
Is heated appropriately. 

[0038] Heating the preform 5 in this manner while 
flowing a dry gas through the through-holes 9 of the pre- 



fonn 5 promotes the reaction in which the OH group 
which exists on the surfaces of the inner walls 5a of the 
through-holes 9 of the preform 5 becomes H2O mole- 
cules. Thus, the OH group which exists on the Inner wall 
5 surface of the prefonn diffuses to the spaces of the 
through-holes 9 as the HgO molecules. Then, the dif- 
fused H2O molecules are discharged outside the pre- 
fonn through the exhaust pipe 23b by the flow of the dry 
gas without staying in the through-holes 9. Consequent- 

10 ly, the OH concentration on the surfaces of the inner 
walls 5a decreases. Also, because flowing the dry gas 
through the through-holes 9 restrains OH from re-ad- 
sorption to the Inner wall surfaces 5a, the decrease of 
the OH concentration on the surfaces of the inner walls 

^5 5a Is accelerated. Thus, it is possible to quickly remove 
the OH group which exists on the surfaces of the Inner 
walls 5a so as to reduce the transmission loss of the 
optical fiber which is caused by the OH group. Moreover, 
it is possible to reduce the manufacturing cost. The OH 

20 concentration can be reduced further by perfonning the 
heating for 30 minutes or more. 
[0039] In this case, to effectively remove the OH 
group which exists on the inner wall surfaces 5a, it is 
desirable to use a dry gas whose HgO concentration is 

25 sufficiently low. More specifically, a dry gas whose dew 
point is -50 ''C or less, more preferably -70 or less, 
is used. This results in further restraining the re-adsorp- 
tlon of OH to the Inner wall surface of the prefonn, and 
consequently reducing the transmission loss of the op- 

30 tical fiber further more. 

[0040] When the preform 5 made of silica glass is 
heated, the gaseous molecules in the through-holes 9 
of the prefonn 5 tend to react to glass easily Some of 
such chemical reaction degrades the transmission char- 
ts acteristlcs by increasing the light absorption and the 
light scattering. Therefore, rt is preferable to use a dry 
gas that includes an inert gas by equal to or more than 
85 % in tenns of molar fraction. When a dry gas is chem- 
ically inactive, It does not reactto silica glass easily, and 

40 consequently the chemical reaction between the gas 
and glass in the through-holes 9 is restrained. This re- 
sults in the avoidance of the light absorption and the light 
scattering, and hence the deterioration of the transmis- 
sion characteristics of the optical fiber can be prevented. 

45 For a dry gas, an inert gas whtoh includes one or more 
of N2, He, or Ar by equal to or more than 85 % in terms 
of molar fraction Is preferable. These gases are espe- 
cially inert and effective for restraining the chemical re- 
action with glass. 

50 [0041] Also, a gas that includes an active gas having 
a dehydration effect can be used as a dry gas. in this 
case, since the decrease of the OH concentration on the 
surfaces of the inner walls 5a of the prefonn 5 can be 
accelerated, the time needed for removing OH group is 

55 reduced and hence the manufacturing cost can be re- 
duced. As for the active gas having a dehydration effect, 
a gas that includes at least one of HF, F2, CI2, and CO 
Is used. These gases have particularly excellent char- 
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acteristics for dehydration effect and are effective for re- 
ducing the time needed for removing OH. The decrease 
of the OH concentration can be further accelerated 
when the concentration of active gas is high, for exam- 
ple, equal to or more than 30 %. 
[0042] It is not necessarily in a drawing tower that the 
above-described process for removing OH group which 
exists on the surfaces of the inner walls 5a of above 
mentioned preform 5 is performed. It is possible to use 
any other coordination suitable for the process. 
[0043] After perfonning the process for removing the 
OH group as described above, the preform 5 is heated 
to about 1 800 **C by the heating means 24 of the drawing 
tower. The heated portion of the preform 5 softens and 
narrows in a neck-like shape by the weight of the glass 
pipe 21b. The glass pipe 21b is detached from the pre- 
fonn 5 at this narrowed portion. Then, the prefomi 5 is 
drawn from the bottom end thereof into an optical fiber 
by a known method. Thus, an optical fiber 1 having a 
plurality of holes 4 as shown in Fig. 1 and having a 125 
\im diameter is produced. When such drawing is done 
in a state in which the above-mentioned covering 22a is 
attached, contaminants such as moisture and the like 
are prevented from entering into the through-holes 9 of 
the preform 5, and hence the yield of drawing is Im- 
proved. 

[0044] At the time of drawing the preform 5 in this 
manner, the surface tension on the surfaces of the Inner 
walls 5a of the through-holes 9 of the prefonn 5, the fill- 
ing fraction of holes of the optical fiber 1 tends to de- 
crease. Here, the tenn "filling fraction of holes" is the 
value obtained by dividing the cross-sectional area of 
the holes of the fiber by the cross-sectional area of the 
fiber or the value obtained by dividing the cross-section- 
al area of the through-holes 9 of the prefomn 5 by the 
cross-sectional area of the prefonn 5. The filling fraction 
of holes at the time of such drawing also depends on 
the difference in pressure between the inside of the 
through-holes 9 of the prefonn 6 and the inner wall 5a. 
Therefore, a desired filling fraction of holes of the optical 
fiber 1 can be obtained by controlling the pressure In the 
through-holes 9. 

[0045] More specifically, a pressure control unit 26 for 
adjusting the supply pressure of a dry gas and a pres- 
sure sensor 26 for measuring the pressure in the 
through-holes 9 of the preform 5 are provided In the sup- 
ply pipe 23a. The pressure sensor 26 measures the 
pressure in the supply pipe 23a and the pressure in the 
through-holes 9 can be obtained based on the value 
thus measured. Then, the pressure control unit 25 con- 
trols the supply pressure of a dry gas so that the pres- 
sure in the through-holes 9 becomes a desired value 
based on the value measured by the pressure sensor 
26. Thus, the contraction of the through-holes 9 by the 
surface tension on the surfaces of the inner walls 5a of 
the preform 5 is restrained such that an optical fiber hav- 
ing a desired filling fraction of holes can be drawn. Also, 
the filling fraction of holes of the optical fiber 1 can be 
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controlled by adjusting the supply pressure of a dry gas. 
In this case, the characteristics of the fiber, such as the 
chromatic dispersion and the mode field diameter can 
be easily adjusted. 
5 [0046] Also, the means for connecting a prefonn with 
the means of supplying a dry gas in the second process 
and the means for connecting the prefonn with the 
means of adjusting pressure In the third process can be 
partly or wholly same. Consequently, the invasion of 
10 contaminants accompanying a change in connection 
between the processes can be prevented. 
[0047] in the present embodiment as described 
above, after forming the prefonn 5 having the through- 
holes 9, the prefonn 5 is heated while flowing a dry gas 
^5 into the through-holes 9, and the OH group which exists 
on the surfaces of the inner walls 5a of the through-holes 
9 in the preform 5 is removed, and consequently the op- 
tical fiber 1 having a low transmission loss can be ob- 
tained. Also, since the re-adsorption of OH group to the 
surfaces of the inner walls 5a of the preform 5 is re- 
strained, the OH concentration on the surfaces of the 
inner walls 5a decreases promptly. 
[0048] Since the surfaces of the Inner walls 5a of the 
prefonn 5 are smoothed and subjected to dry etching 
before heating the prefonn 5 with flowing a dry gas into 
the through-holes 9, the quantity of the OH group that 
exists on the surfaces of the Inner walls 5a decreases. 
Consequently, the time needed for the removal of the 
OH group is shortened, and the reduction of the manu- 
facturing cost can be achieved. Moreover, an optical fib- 
er 1 having a desired filling fraction of holes can be ob- 
tained since the pressure in the through-holes 9 of the 
preform 5 is adjusted at the time of drawing the preform 
5 into the optical fiber 1 . 

[0049] In the following, another method for manufac- 
turing the optical fiber 1 shown in Fig. 1 is described with 
respect to Fig. 8 . As for the contents similar to the above- 
mentioned manufacturing method, the explanation 
thereof will be omitted. 

[0050] In this manufacturing method, the prefomi 30 
of an optical fiber 1 has a plurality of holes 31 each of 
which extends axially and is closed at one end. in the 
method of using the perforation tool 8 as shown In Fig. 
2, the preform 30 is formed by perforating a glass rod 7 
halfway, and In the method of assembling the capillaries 
1 1 as shown in Fig. 6, the preform 30 Is fonned by using 
a jacketing pipe closed at one end. After forming the pre- 
form 30, the process for removing the OH group, which 
exists on the surfaces of the inner walls 30a of the 
closed-end holes 31 in the prefonn 30, is perfonned In 
the setup shown in Fig. 8. As shown in Fig. 8, one end 
of a glass pipe 32 is connected to the end of the prefonn 
30 on the side having the openings, and the other end 
of the glass pipe 32 is provided with a covering 33. A 
pipe 34, which is connected to the covering 33, is con- 
nected in bifurcation to a supply pipe 35 for supplying a 
dry gas into the holes 31 having a closed end in the pre- 
form 30 and to an exhaust pipe 36 for discharging the 
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dry gas In the holes 31 having a closed end. The exhaust 
pipe 36 is connected to a vacuum pump 37. Valves 38 
and 39 are provided for the pipes 35 and 36, respective- 
ly. 

[0051] In the above setup, in a state in which the valve 
39 is closed and the valve 38 is open , a dry gas is flowed 
to fill the holes 31 having a closed end in the prefonn 
30. In this state, the prefomi 30 is heated by heating 
means 24 in the furnace at a temperature equal to or 
more than 800 °C for 30 minutes or more. Then, after 
the elapse of a predetermined time, in a state in which 
the valve 38 is closed and the valve 39 is opened, the 
gas In the holes 31 having a closed end is exhausted 
therefrom by a vacuum pump 37. 
[0052] This diffuses the OH group, as HgO molecules, 
from the surfaces of the inner walls 30a of the holes hav- 
ing a closed end in the prefomi 30 into the spaces of the 
holes 31 having a closed end. Then, the HgO molecules 
are discharged outside the prefonn 30 by diffusion or 
convection, and further discharged by the vacuum pump 
37. Therefore, the OH group that exists on the surfaces 
of the inner walls 30a of the preform 30 is effectively 
removed, and the transmission loss of the optical fiber 
due to the OH group is reduced. Also, since the re-ad- 
sorption of OH to the wall surfaces is restrained by the 
use of the dry gas, the decrease of the OH concentration 
is facilitated. Therefore, the reduction of the manufac- 
turing cost can also be achieved. 
[0053] If such filling and exhaust of a dry gas is re- 
peated alternately several times, the HgO molecules 
that are diffused in the spaces of the holes having a 
closed end are more effectively discharged outside the 
prefomi. Also, the re-adsorption of OH to the inner wall 
surfaces is more effectively restrained. Therefore, the 
transmission loss of the optical fiber can be reduced fur- 
ther. 

[0054] In this case, the decrease of the OH concen- 
tration on the surfaces of the inner walls 30a can be fa- 
cilitated by reducing the diffusion of the H2O molecules 
from the ineffective portion of the prefomn 30 to the ef- 
fective portion of the preform 30. As for the method of 
reducing the diffusion of the H2O molecules from the in- 
effective portion of the preform to the effective portion 
of the preform, there are several means, such as main- 
taining the temperature of the effective portion of the 
prefonn higher than that of the ineffective portion of the 
prefonn, or providing a hygroscopic medium for the in- 
effective portion of the preform, or making the capacity 
of the holes 31 having a closed end in the ineffective 
portion of the prefonm larger than that of the holes 31 
having a closed end in the effective portion of the pre- 
fonn. 

[0055] After perfonning the process for removing the 
OH group as described above, the preform 30 is heated 
by the heating means 24 of the drawing tower, and is 
drawn into a fiber from the end of the preform 30 at the 
heated side thereof. In this case, the supply pressure of 
a dry gas Is controlled by the pressure control unit 25 
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and the pressure sensor 26 provided in the supply pipe 
35 so that the pressure in the holes 31 having a closed 
end of the prefomn 30 reaches a desired level. In this 
manner, the contraction of the holes 31 having a closed 
5 end due to the surface tension on the surfaces of the 
inner walls 30a of the preform 30 is restrained, and an 
optical fiber having a desired filling fraction of holes can 
be drawn. 

[0056] In the above-described embodiment, since the 
10 OH group which exists on the surfaces of the inner walls 
30a of the holes 31 having a closed end in the preform 

30 is removed, the transmission loss of the optical fiber 
due to the OH group can be reduced. 
[0057] Another method for producing the optical fiber 
1 shown in Fig. 1 is described below. As for the contents 
similar to the above-described manufacturing method, 
the explanation thereof is omitted. In this manufacturing 
method, the prefonn 30 shown in Fig. 8 is used. 
[0058] First, the prefonn 30 which has holes 31 having 
a closed end is formed. Subsequently, in a state in which 
the valve 38 is closed and the valve 39 is opened, the 
gas within the holes 31 having a closed end is evacuated 
by the vacuum pump 37, and the preform 30 is heated 
for 30 minutes or more at a temperature equal to or more 
than 800 **C by the heating means 24 in the fumace. As 
a result, the OH group which exists on the surfaces of 
the inner walls 30a of the holes 31 having a closed end 
in the preform 30 diffuses as HgO molecules into the 
spaces of the holes 31 having a closed end, and the 
H2O molecules are discharged outside the prefonn 30 
due to the evacuation. 

[0059] Subsequently, in a state in which the valve 39 
is closed and the valve 38 is opened, a dry gas is flowed 
to fill the holes 31 having a closed end of the preform 
30. Then, the prefonn 30 is heated by the heating means 
24 of the drawing tower and drawn Into a fiber from the 
heated end of the preform 30. 

[0060] In such embodiment also, the OH group which 
exists on the surfaces of the inner walls 30a of the holes 

31 having a closed end in the prefonn 30 diffuses as 
H2O molecules Into the spaces in the holes having a 
closed end. Then, the H2O molecules are discharged 
outside the preform due to the evacuation. Consequent- 
ly, it is possible to decrease the OH concentration on the 
wall surfaces of the preform, thereby reducing the trans- 
mission loss of the optical fiber which is caused by the 
OH group. 

[0061] Figure 9 shows an experimental example of 
the transmission loss of an optical fiber which was drawn 
as described below. In Fig. 9, the solid line P is the trans- 
mission loss in the case where a process was performed 
for removing the OH group which existed on the inner 
wall surfaces of the prefonn. In the process for removing 
the OH group, N2 having a dew point of -70 *'C or less 
was used as a dry gas, and the prefomn was heated for 
3 hours at the temperature of 1 200 ""C while flowing such 
N2 into the holes of the prefonn. 
[0062] As can be seen from Fig. 9, in the case where 
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the process for removing the OH group was performed, 
the transmission loss in the spectrum band of about 
1100- 1 700 nm was reduced and the transmission loss 
at the 1550 nm wavelength was 1 .1 dB/km. The trans- 
mission loss above 8.5 dB/km could not be measured 
correctly because it exceeded the possible measure- 
ment range of the measuring instrument. 
[0063] Figure 1 0 shows an experimental example of 
the transmission loss in the case where the wall surfac- 
es of the preform were smoothed prior to the process of 
removing the OH group as described above. As can be 
seen from Fig. 10, the transmission loss at 1380 nm, 
which is the absorption peak wavelength for the OH 
group, is about 24 dB/km, and at the wavelength 1 550 
nm, the transmission loss is reduced to 0.68 dB/km. 
[0064] With respect to the optical fiber 1 having the 
holes 4 which were obtained by the various above-men- 
tioned manufacturing methods, the loss due to the ab- 
sorption of the OH group decreases, and the transmis- 
sion loss in the 1100 - 1700 nm spectrum band is also 
reduced. Thus, it is possible to achieve a transmission 
loss of 200 dB/km or less at 1 380 nm, which is the ab- 
sorption peak wavelength for the OH group, and 10 dB/ 
km or less at 1550 nm. 

[0065] I n this case , preferably if the density of the wa- 
ter which exists inside the holes 4 of the optical fiber 1 
is 1 mg / liter or less, the adsorption of the water which 
Is contained In the holes 4 to the inner wall surfaces of 
the holes 4 is suppressed, and hence it is possible to 
ensure the transmission loss of 200 dB/km or less at the 
wavelength of 1380 nm. Moreover, preferably, the holes 
of the optical fiber are sealed at both ends of the optical 
fiber and are insulated from the outer air, so that the den- 
sity of the water which exists inside the holes is thereby 
maintained at a level of 1 mg / liter or less for a sufficient 
period. As for the means of sealing the holes, the meth- 
ods such as melting the glass by heat, or sealing the 
ends of the holes with a highly transparent substance 
can be used, for example, 

[0066] The optical fiber 1 having the holes 4 whose 
transmission loss is small is suitable for use as a disper- 
sion compensator. In the case of using the optical fiber 
as a dispersion compensator, since it can be used in a 
long length, the dispersion quantity that can be compen- 
sated is increased, whereby allowing a transmission dis- 
tance to be increased by elongating the transmission 
line whose dispersion Is to be compensated. 
[0067] In the case of the optical fiber 1 having the 
holes 4 whose loss is 3 dB/km or less at 1 550 nm, when 
it is used as a dispersion compensator, the compensat- 
ing dispersion quantity can be further increased, thereby 
further increasing the transmission distance. Also, it Is 
possible to increase the efficiency of spectrum use, that 
is, transmission capacity per frequency band, because 
the input light signal power of the dispersion compen- 
sator for achieving a given SN ratio can be reduced, and 
thereby suppressing the deterioration of transmission 
quality due to the nonlinear optical effects such as SPM, 



XPM, FWM, orthe like. 

[0068] In the case of the optical fiber 1 having the 
holes 4 whose transmission loss is 300 dB/km or less 
at 1380 nm, and 1 dB/km or less at 1550 nm, when it is 

5 used as a dispersion compensator, the compensating 
dispersion quantity can be further increased, and there- 
by the transmission distance can be additionally in- 
creased. Also, since the input light signal power of the 
dispersion compensator can be further reduced, the ef- 

10 ficiency of spectrum use can be further increased. Also, 
in this case, since the transmission on the order of tens 
of km becomes possible, the fiber can be used suitably 
not only for a dispersion compensator, but also for an 
optical transmission line, and the transmission distance 

15 can be further increased. Also, light signal at the 1550 
nm wavelength band can be amplified by stimulated Ra- 
man scattering by launching pump light near the 1400 
nm wavelength thereon. 

[0069] An optical communication system using optical 
20 fibers having such low transmission loss is described 
below. 

[0070] Figure 11 shows an example of the optical 
communication system equipped with a dispersion com- 
pensator which includes the optical fiber 1 shown in Fig. 

25 1 . In this optical communication system 40, an optical 
transmitter 41 and an optical receiver 42 are connected 
through an optical transmission line 43 and a dispersion 
compensator 44. The optical transmission line 43 Is 
composed of one or more kinds of optical fibers and nor- 

30 mally has a positive chromatic dispersion. The disper- 
sion compensator 44 is connected to the downstream 
of the optical transmission line 43. This dispersion com- 
pensator 44 comprises a coil 45 and optical amplifiers 
46. The coil 45 consists of the optical fiber 1 having the 

35 chromatic dispersion of the opposite sign with respect 
to the dispersion of the optical transmission line 43. 
Each of the optical amplifiers 46 is provided upstream 
and downstream of the coil 45, respectively. In such 
composition, large transmission capacity can be ob- 

40 tained because the chromatic dispersion of the optical 
transmission line 43 is compensated by the dispersion 
compensator 44, and thereby the degradation of pulse 
waveform is restrained. Also, by inserting dispersion 
compensator 44 downstream of the optical transmission 

45 line 43, the input light signal power to the dispersion 
compensator 44 is reduced, and the deterioration of 
transmission quality due to the nonlinear optical effect 
such as FWM orthe like is restrained, thereby improving 
the efficiency of spectrum use. 

50 [0071] Figure 1 2 shows another example of the opti- 
cal communication system equipped with an optical 
transmission line which includes the optical fiber 1 
shown in Fig. 1 . In this optical communication system 
50, an optical transmitter 51 and an optical receiver 52 

55 are connected through an optical transmission line 53 
and optical amplifiers 64. The optical fiber 1 used for the 
optical transmission tine 53 is 30 km or longer in length 
and has a chromatk; dispersion of 1 - 1 0 ps / nm/km in 
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terms of absolute magnitude over the wide spectrum 
band of 50 nm or more, tt is possible to increase the 
transmission distance further by connecting a plurality 
of optical transmission lines with an optical amplifier be- 
ing provided therebetween. Since the chromatic disper- 
sion of small absolute magnitude is obtained over the 
wide band as described above, it is possible to perfomi 
multiple wavelength transmission having a large trans- 
mission capacity per wavelength and a large number of 
wavelengths, and thereby a large transmission capacity 
can be obtained. 

[0072] Figure 1 3 shows another example of the opti- 
cal communication system equipped with an optical 
transmission line which includes the optical fibers 1 
shown in Fig. 1. In this optical communication system 
60, an optical transmitter 61 and an optical receiver 62 
are connected through the optical transmission line 63 
and optical amplifiers 64. The optical transmission line 
63 includes a transmission line 65 comprising an ordi- 
nary optical fiber which has no hole and a transmission 
line 66 comprising the optical fiber 1 having holes 4 as 
shown in Fig. 1 . The ordinary optical fiber used for the 
transmission line 65 is 30 km or more in length and has 
the chromatic dispersion of +1 ps / nm/km. The optical 
fiber 1 used for transmission line 66 is 10 km or more in 
length and has the chromatic dispersion of -3 ps / nm/ 
km. The length of each optical fiber is selected such that 
the cumulative chromatic dispersion falls within a given 
range of value. It Is possible to increase the transmission 
distance further by connecting a plurality of optical trans- 
mission lines with an optical amplifier provided therebe- 
tween. By using an optical fiber having absolute chro- 
matic dispersion of a given value as described above, 
the deterioration of the transmission quality due to non- 
linear optical effects such as FWM or the like Is re- 
strained, and thereby the transmission capacity and the 
efficiency of spectrum use can be improved. 
[0073] The present invention is not limited to the 
above-described embodiments. For example, the opti- 
cal fibers in the above embodiments have holes solely 
in the cladding, but It is also possible to apply the present 
invention to an optical fiber having a hole in the core. 



Claims 

1 . A manufacturing method of an optical fiber having 
one or more holes extending along the axis, com- 
prising: 

a first process forfomiing holes in a preform; 
a second process for heating the prefonm and 
drying the inside of the holes; and 
a third process for drawing the prefonn into an 
optical fiber. 

2. A manufacturing method of an optical fiber accord- 
ing to claim 1 , wherein: 
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at least a part of the holes are through-holes; 
and 

the second process is perfonned while a dry 
gas is flowed through the through-holes. 

3. A manufacturing method of an optical fiber accord- 
ing to claim 1, wherein: 

at least a part of the holes have a closed end; 
10 and 

the second process is perfomned while the 
holes having a closed end are filled with a dry 
gas. 

IS 4. A manufacturing method of an optical fiber accord- 
ing to claim 3, wherein: 

the process for filling a dry gas into the holes 
having a closed end and the process for dis- 
20 charging the dry gas from the holes having a 

closed end are repeated alternately in the sec- 
ond process. 

5. A manufacturing method of an optical fiber accord- 
25 ing to claim 1 , wherein: 

at least a part of the holes have a closed end; 
and 

the second process is performed while the in- 
30 side of the one or more holes having a closed 

end is subjected to reduced pressure for evac- 
uationing. 

6. A manufacturing method of an optical fiber accord- 
35 ing to any one of claims 1 through 5, wherein: 

the preform is heated at a temperature equal to 
or higher than BOO °C in the second process. 

40 7. A manufacturing method of an optical fiber accord- 
ing to any one of claims 2 through 4, or 6 wherein: 

the dew point of the dry gas Is -50 °C or lower. 

45 8. A manufacturing method of an optical fiber accord- 
ing to claim 7, wherein: 

the dry gas includes an inert gas equal to or 
more than 85 % by molar fraction. 

50 

9. A manufacturing method of an optical fiber accord- 
ing to claim 8, wherein: 

the inert gas is selected from a group consisting 
55 of Ng, He, and Ar. 

10. A manufacturing method of an optical fiber accord- 
ing to claim 7, wherein: 
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the dry gas includes an active gas which has 
dehydration effect. 

11 . A manufacturing method of an optical fiber accord- 
ing to claim 10, wherein: 

the active gas having dehydration effect in- 
cludes at least one of HF, Fg, CI2, and CO. 

12. A manufacturing method of an optical fiber accord- 
ing to any one of claims 1 through 11 , wherein: 

the inner wall surfaces of the holes of the pre- 
fomn are smoothed prior to the second process. 

13. A manufacturing method of an optical fiber accord- 
ing to any one of claims 1 through 12, wherein: 

the inner wall surfaces of the holes of the pre- 
fonn are subjected to dry etching prior to the 
second process. 

14. A manufacturing method of an optical fiber accord- 
ing to any one of claims 1 through 13, wherein: 

the pressure in the holes is adjusted during to 
the third process. 

1 5. A manufacturing method of an optical fiber accord- 
ing to any one of claims 1 through 14, wherein: 



19. An optical fiber according to claim 17, wherein: 

the transmission loss at the wavelength of 1 380 
nm is 30 dB/km or less. 

5 

20. An optical fiber having a core and a cladding, the 
cladding surrounding the core, and either or both of 
the core and the cladding being provided with one 
or more holes extending along the axis; 

10 the optical fiber allowing light to propagate in 

an axial direction by confining the light in the core 
by total reflection or Bragg reflection at a transmis- 
sion loss of 1 0 dB/km or less at the 1 550 nm wave- 
length. 

15 

21. An optical fiber according to claim 20, wherein: 

the transmission loss at the wavelength of 1550 
nm is 3 dB/km or less. 

20 

22. An optical fiber according to claim 21 , wherein: 

the transmission loss at the wavelength of 1550 
nm Is 1 dB/km or less. 

25 

23. An optical transmission system including at least 
one optical fiber according to any of claims 17 
through 22. 



30 



the preform having the holes is formed from a 
columnar glass rod, using a perforation tool in 
the first process. 

35 

16. A manufacturing method of an optical fiber accord- 
ing to any one of claims 1 through 14, wherein: 

a plurality of capillary tubes are assembled to 
fomi a bundle and the bundle is inserted into a 40 
jacketing pipe to fonn the prefomi having the 
holes in the first process. 



17. An optical fiber having a core and a cladding, the 
cladding surrounding the core, and either or both of 45 
the core and the cladding being provided with one 

or more holes extending along the axis; 

the optical fiber allowing light to propagate in 
an axial direction by confining the light in the core 
by total reflection or Bragg reflection at a transmis- so 
sion loss of 200 dB/km or less at the 1 380 nm wave- 
length. 

18. An optical fiber according to claim 17, wherein: 

55 

the density of water inside the holes is 1 mg / 
liter or less. 
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